Objectives-Patients with posterior circulation infarction are at higher risk of early recurrent stroke, especially those with vertebrobasilar stenosis or hypoplasia. The clinical presentations of this condition vary over a broad range, making diagnosis and treatment a challenge. Hemodynamic changes and stenosis detected by ultrasonography (US) are sensitive and important indicators for further evaluation. In this study, we correlated extracranial and intracranial US characteristics with brain magnetic resonance imaging (MRI) in patients with posterior circulation infarction.
Traditionally, basilar artery or distal vertebral artery stenosis is considered an important risk factor for brain stem stroke. 1, 3, [6] [7] [8] In recent years, series of studies pointed out a possible correlation between vertebral artery hypoplasia [9] [10] [11] [12] [13] and posterior circulation infarction. Cohort studies also supported clinical observations that a hypoplastic vertebral artery aggravates the vascular risk for posterior circulation infarction synergistically. 14 The pathophysiologic mechanisms linking these vascular abnormalities and stroke are still under investigation. 13, 15, 16 Ultrasonography (US) is an important screening tool for stroke risk factors. 17 Hemodynamic changes and stenosis detected by US are considered important indicators requiring more evaluations. [18] [19] [20] In this study, the US and brain magnetic resonance imaging (MRI) characteristics of the vertebrobasilar arteries in patients with posterior circulation infarction were analyzed and compared to patients with anterior circulation infarction. The clinical association between magnetic resonance angiography (MRA)-detected vascular abnormalities and US data was evaluated.
Materials and Methods
This study was a retrospective observational study. The study was approved by the Institutional Review Board of Chung Shan Medial University Hospital. From January 2013 to December 2015, we reviewed 1301 consecutive inpatients with acute ischemic stroke at the Chung Shan Medical University Hospital. Those who had previous stroke, who did not receive brain MRI, or who did not receive US examinations were excluded.
Patients with new infarctions located over the medulla, pons, midbrain, or cerebellum on MRI were enrolled as the posterior circulation infarction group.
Patients with new infarctions located over any territory of the internal carotid artery, middle cerebral artery, or anterior cerebral artery and without any new vascular insults over the posterior circulation (including the vertebrobasilar system and posterior cerebral arteries) on brain MRI were enrolled as the anterior circulation infarction group.
All patients underwent brain MRI (3 T; Siemens AG, Erlangen, Germany) and 3-dimensional time-offlight MRA examinations of intracranial vessels. All of the patients also received color-coded carotid duplex and transcranial color-coded duplex examinations of the intracranial and extracranial vessels, which were conducted by experienced sonographers using an iE33 system (Philips Healthcare, Bothell, WA) equipped with a 2.0-MHz transducer. Routine measurements included thorough examinations of the bilateral neck carotid and transforaminal windows. The targets of the blood flow examinations were the V2 and V4 segments of the vertebral artery and the area proximal to the distal basilar artery. The angle between the US beam and the direction of blood flow was adjusted manually. Ultrasonographic data, including diameter and flow volume of each extracranial vertebral artery and mean velocity and pulsatility index of the intracranial vertebrobasilar arteries, were recorded and analyzed. Vertebral artery hypoplasia was defined according to US criteria, 6, 21, 22 including a diameter of 2.2 mm or less over the V2 segment or a decreased vertebral flow volume of 30 mm/s or less. An abnormal intracranial vascular velocity was defined according to previous studies 18, 23 as low velocity if the mean velocity of the vertebral or basilar artery was less than 20 cm/s or high velocity if the mean velocity of the vertebral or basilar artery was greater than 50 cm/s.
All patients received physical examinations by experienced neurologists. Medical and laboratory data, including age, sex, systemic diseases, renal function, lipid profile, drug use, electrocardiography, and a history of stroke or transient ischemic attack, were recorded.
Brain images were reviewed by neuroradiologists and neurologists. The locations of ischemic stroke were classified as medulla, pons, midbrain, cerebellum, and supratentorial occipital or temporal lesions. Intracranial vertebral basilar stenosis was defined from 3-dimensional time-of-flight MRA and interpreted by neuroradiologists.
All statistical analyses were performed with SPSS version 17.0 software (IBM Corporation, Armonk, NY). Continuous data are expressed as mean 6 standard deviation and were analyzed by t tests for independent groups. The v 2 test was used to analyze differences in the demographic data (sex, presence of hypertension, diabetes mellitus, and hyperlipidemia, statin use, smoking, and alcohol consumption) between the anterior and posterior circulation infarction groups. To detect significant correlations between the US hemodynamic parameters (vertebral artery hypoplasia and sum of the bilateral vertebral artery flow volume and mean velocity of the intracranial vertebrobasilar system), we used the v 2 test and a multivariate regression analysis. Age, sex, the presence of hypertension, diabetes mellitus, and hyperlipidemia, smoking, alcohol consumption, and drug using were the independent variables. The receiver operating characteristic method was used to determine the sensitivity and specificity of the velocity (high or low vertebrobasilar velocity) for discriminating vertebrobasilar stenosis. The area under the receiver operating characteristic curve ranged from 0.5 (no discrimination) to 1 (best discrimination) with the 95% confidence interval. Two-sided P < .05 was considered statistically significant.
Results

Baseline Characteristics
We enrolled 210 patients in the anterior circulation infarction group and 143 in the posterior circulation infarction group. Table 1 shows the demographic features, risk factors, drug histories, and laboratory findings of both groups. Compared to the anterior circulation infarction group, the posterior circulation infarction group had a lower rate of alcohol use (15.38% versus 24.29%; P 5 .045). There were no significant differences in other factors.
Analysis of the Frequency of Vertebral Artery
Hypoplasia and Low Vertebrobasilar System Velocity A significantly higher rate of vertebral artery hypoplasia was noted in the posterior circulation infarction group than in the anterior circulation infarction group (44.75% versus 22.38%; P < .0001). In total, 69.23% of the posterior circulation infarction group and 74.76% of the anterior circulation infarction group had net vertebral artery flow of greater than 100 mL/min ( Table 2 ). There was no significant difference in the net vertebral artery flow between the groups (P 5 .25). Transcranial US detected a low velocity in greater than 50% of both groups, with a higher prevalence in the posterior circulation infarction group (P 5 .035).
Ischemic Lesion Distributions Correlate With Low
Vertebrobasilar System Flow and Velocity on US Ipsilateral vertebral artery hypoplasia was noted in 55.56% (30 of 54) of the patients with vertebral artery infarction, and a low velocity in the intracranial vertebral artery was noted in 44.44% (24 of 54) of these patients. A low velocity in the basilar artery was noted in 25.53% (24 of 94) of the patients with basilar artery infarction. A high velocity (mean velocity > 50 cm/s) in the same infarction area was only found in 2 of the 54 cases of vertebral artery infarction and 10 of the 94 cases of basilar 
Discussion
Advances in MRA and computed tomographic angiography have improved the diagnosis of posterior circulation infarction and vertebrobasilar vascular lesions. However, the high cost and vascular reconstruction techniques limit their clinical application. 1, 17, 24 Duplex US is widely used as a tool for the initial evaluation and follow-up of cerebrovascular disorders. It allows for the evaluation of real-time hemodynamic changes, basic vascular characteristics, emboli, and unstable plaques. 25 However, because of the limited insonation and lack of a consensus on vascular disorders, US is less sensitive for detection of vertebral artery or basilar stenosis. 17, 18 In this study, we correlated US data for vertebral artery hypoplasia and vertebrobasilar velocity abnormalities with MRI-diagnosed posterior circulation infarction and vascular stenosis.
Extracranial US
There was no significant difference in the baseline characteristics between the anterior and posterior circulation infarction groups except alcohol consumption. A significantly higher frequency of vertebral artery hypoplasia in the posterior circulation infarction group (44.75%; Table  2 ) and a high correlation with vertebral artery territory ischemic stroke (55.56%) were noted. These results were consistent with previous clinical studies and further highlight the importance of vertebral artery hypoplasia in posterior circulation infarction. [10] [11] [12] [13] 26 A net vertebral artery flow volume of less than 100 mL/min has traditionally been considered inadequate over the vertebrobasilar system and a risk factor for vertebrobasilar insufficiency. 9, 22, 27 However, in our study, only 31% of the patients with posterior circulation infarction reached this criterion (Table 2) , and there were no significant differences between the groups in the multivariate regression analysis. Therefore, adequate net vertebral artery flow could not be considered protective against the risk of posterior circulation infarction.
In summary, US-diagnosed vertebral artery hypoplasia in one vertebral artery may increase the risk of a vertebral artery ischemic stroke. Adequate net vertebral artery flow as assessed by US did not guarantee a low risk of posterior circulation infarction.
Transcranial US
Compared to the anterior circulation infarction group, there was a significantly lower vertebrobasilar velocity in the posterior circulation infarction group (P 5 .035; Table 2 ). In the analysis of the velocity over the infarction area, 44.44% of the vertebral artery territory and 25.53% of the basilar artery territory showed a low velocity. Only a few cases with a corresponding high velocity over the same infarction lesions (2 of 54 in the vertebral artery and 10 of 94 in the basilar artery) were noted. Similar to vertebrobasilar insufficiency, these results may suggest that pathophysiologically, a low velocity denotes hypoperfusion over the same region and a higher probability of ischemic stroke.
In the comparison of MRA-diagnosed vertebrobasilar stenosis to the corresponding vertebrobasilar velocity, instead of a high velocity, as in traditional criteria, more cases had a low velocity over the stenotic vessels. The possible mechanisms are as follows:
First, the vertebrobasilar system involves richer collateral and penetrating arteries than the anterior circulation system 1 ; therefore, hemodynamic changes in response to vascular stenosis might not follow the Spencer curve, 18, 23, 28 which is more precise when assessing the internal carotid artery or middle cerebral artery. In elderly patients, as in our study group, the mean velocity decreased gradually, and arteriosclerosis increased. These factors might alter the corresponding velocity changes in the stenotic vertebrobasilar system. In addition, similar results have been reported in several clinical studies. 18, 23 Second, the whole course of the vertebrobasilar arteries could not be well traced; patients with stenosis in 2 or more segments or a long segment of stenosis (>1 cm) may have had low velocities. 23 In this study, we evaluated V4 and the proximal basilar artery, which may be the prestenotic or poststenotic portions, in which a low velocity may be recorded. 18 In summary, a low intracranial velocity in the vertebral or basilar artery as assessed by US should alert clinicians to the possibility of corresponding hypoperfusion and focal or nearby vascular stenosis. Our data highlight the importance of a low velocity or low flow volume in US.
Hypoperfusion Effect in Posterior Circulation Infarction
The mechanism of posterior circulation infarction and insufficiency has yet to be elucidated. 7, 15, 29, 30 A combination of embolism and hypoperfusion with limited washout of the emboli, leading to watershed infarction, has been considered as an important cause. 15 The baseline flow volume and stenotic severity in the vertebrobasilar system have attracted increasing attention in recent years. Several studies have reported a close association of vertebral artery hypoplasia and stenotic vertebral or basilar arteries with posterior circulation infarction and vertebrobasilar insufficiency. 11, 12, 31 Both extracranial and intracranial vertebrobasilar vascular abnormalities have been reported to increase the risk of stroke and recurrent stroke and even to cause a higher rate of stroke recurrence than carotid territory infarction. 2, 32, 33 In this study, we investigated correlation between changes in US hemodynamics and MRI findings. Both extracranial and intracranial US revealed a tendency toward decreased flow or velocity in patients with posterior circulation infarction. These results further support the concept that hypoperfusion is an important factor resulting in posterior circulation infarction stroke.
Limitations
There were several limitations in this study. First, US measurement is highly examiner dependent, especially in a transcranial color-coded duplex examination. Second, our method could only locate part of the target artery but could not specify the affected arterial segment. Third, in our study, vascular stenosis was obtained from noncontrast 3-dimensional time-offlight MRA, which is less sensitive for clarifying the degree of vascular stenosis.
Conclusions
Ultrasonography is an important diagnostic tool for intracranial and extracranial vascular abnormalities, which can change the treatment of patients with posterior circulation infarction for primary and secondary prevention. Detection of such abnormalities on diagnostic US would be a potential application for identifying patients at risk of stroke if confirmed by prospective cohort studies.
